INTRODUCTION
Two classes of 21-23 nt small regulatory RNAs, microRNAs (miRNAs) and small interfering RNAs (siRNAs), play important roles in gene regulation Bartel 2009 ). In Drosophila, these classes of small RNAs are sorted into distinct Argonaute effector complexes, resulting in preferential binding of miRNAs and siRNAs to AGO1 and AGO2, respectively (Czech and Hannon 2011) . miRNAs generally down-regulate target gene expression by destabilization and/or translational inhibition of target mRNAs through partial complementarity to target sites in 3 ′ UTRs (Bartel 2009 ). On the other hand, endogenous siRNAs usually down-regulate highly complementary targets by guiding the cleavage of target RNA molecules via AGO2 .
The ribosome is a ribonucleoprotein complex that catalyzes protein synthesis, and the eukaryotic ribosome generally contains four RNA components, 5S, 5.8S, 18S, and 28S rRNAs. These are transcribed by RNA polymerase I (Pol I) as a 45S polycistronic precursor transcript, except for 5S rRNA, which is transcribed by RNA polymerase III as a monocistronic transcript (Granneman and Baserga 2004) . The 45S polycistronic rRNA precursor is processed into mature rRNAs after the removal of internal and external transcribed spacers (ITSs and ETSs). Transcription and processing of rRNAs occur in a nuclear structure, the nucleolus (Boisvert et al. 2007 ). In Drosophila, 5.8S and 28S rRNAs have additional cleavage sites and produce two pieces of rRNAs from each (5.8S/2S and 28S-1/-2 RNAs) (Tautz et al. 1988 ). The DNA sequence encoding 45S pre-rRNA is flanked by intergenic spacers (IGS) (Morgan et al. 1983; Kuhn and Grummt 1987; Paalman et al. 1995) . The rDNA is present as tandem direct repeats that are organized in one or several clusters in the genome (Long and Dawid 1980) . The copy number of rDNA units per genome shows a great variation ranging from <50 to >10,000 among eukaryotes (Long and Dawid 1980) . Ribosome biogenesis is a regulated process whose dysregulation is associated with various diseases, including cancers and Diamond-Blackfan anemia (Stumpf and Ruggero 2011) . In mice, noncoding transcripts from the IGS region regulate chromatin/DNA modification at the promoter region by recruiting the NoRC (nucleolar remodeling complex) (Mayer et al. 2006) . Furthermore, transcription of the antisense rDNA strand is often observed in a wide range of organisms and may also regulate rRNA biogenesis (Chekanova et al. 2007; Bierhoff et al. 2010) . In Arabidopsis, a nuclear Argonaute AtAGO4 forms foci in nucleoli, and the formation of these foci is dependent on the siRNA pathway and 24-nt siRNAs produced from the pre-rRNA sequence Pontes et al. 2006) .
Although ITS regions are proposed to play roles in rRNA processing by studies in yeast (Musters et al. 1990 ), ITS sequences are generally considered nonfunctional due to their poor evolutionary conservation. Nevertheless, phylogenetic studies of ITS sequences have uncovered conserved stemloop sequences in particular taxa (Schlotterer et al. 1994; Armbruster et al. 2000) .
Here we show that two distinct classes of small RNAs are produced from the Drosophila rDNA locus. First, we provide clear evidence for siRNA production from the Drosophila rDNA. In addition, we unexpectedly identify a conserved miRNA encoded in the ITS1 region and show that the mature species is highly expressed throughout fly development. Therefore, this study provides a potential explanation for the unusual conservation of the fly ITS hairpin sequence that was identified two decades ago (Schlotterer et al. 1994) . Considering the possibility that highly repetitive sequences may not be correctly assembled in reference genome sequences, our identification of a conserved, active miRNA gene from a highly repetitive region raises a possibility that such miRNAs may have escaped attention even in well-studied organisms.
RESULTS

Drosophila rDNA generates siRNAs
Previous studies revealed that rDNAs are transcribed bidirectionally in some organisms (Chekanova et al. 2007; Bierhoff et al. 2010) , and that small RNAs can be produced from rDNA Pontes et al. 2006; Lee et al. 2009; Wei et al. 2013) . In flies, the involvement of the siRNA pathway in rDNA regulation was proposed because mutants in core RNAi factors, namely ago2 and dcr-2 mutants, exhibit rDNA phenotypes including aberrant nucleolar morphology, lower H3K9me2 occupancy at the rDNA loci and elevated extrachromosomal circular rDNA levels (Peng and Karpen 2007) . However, the production of siRNAs from rDNA in flies has not been explicitly shown.
To address this, we took advantage of small RNA libraries made from AGO1 complexes purified from fly ovaries of wild-type and RNAi-defective genotypes. In principle, bulk siRNAs should be dependent on Dcr-2 and/or segregate to AGO2. However, as the endo-siRNA population is extremely diverse, individual siRNAs are often not well-expressed (thus potentially challenging approaches to assay their depletion in dcr-2 mutants), and immunoprecipitation techniques do not necessarily distinguish intrinsically and peripherally bound species (thus potentially challenging the assessment of all reads in AGO2-IP libraries as bona fide siRNAs). As an alternative strategy, we previously showed that bulk endo-siRNAs are resorted to AGO1 complexes in mutants of the siRNA loading factor R2D2 or the siRNA effector AGO2 (Okamura et al. 2011) . Such resorting patterns, in which AGO1-IP small RNA reads exhibit relative abundance of r2d2 or ago2 ≫ wild-type . dcr-2, provide a powerful means for functional categorization of endo-siRNAs.
To improve the detection sensitivity of our previous samples, we resequenced AGO1-IP libraries from wild-type, dcr-2, r2d2, and ago2 mutant ovaries, and obtained 33-35 million reads from each (Supplemental Table S1 , Sheet 1); the previous and current data were combined for this study. We normalized read counts by the number of reads mapping to known miRNA hairpins in each library, and expressed values in reads per million miRNA reads (RPM). We believe that this normalization method permits a more appropriate comparison of small RNA abundances, compared with conventional normalization using total numbers of reads perfectly mapping to the genome sequence, for the following reasons. First, the proportions of resorted known siRNAs (from transposons and hairpin RNAs) in the AGO1 complexes substantially varied in the four AGO1-IP libraries (from 0.3% in dcr-2 mutant to 25.1% in r2d2 mutant, Supplemental Table  S1 , Sheet 2). Second, our previous Northern blotting analysis suggested that the levels of abundant miRNA species were not changed in these mutants (Okamura et al. 2011 ). According to this normalization scheme, transposon-derived siRNAs were 27.3 and 36.5 times more abundant in the AGO1-IP libraries from r2d2 and ago2 mutant ovaries, respectively, than the AGO1-IP libraries from wild-type (Supplemental Table  S1 , Sheet 2). In the AGO1-IP library from dcr-2 mutant, these reads were strongly reduced, indicating that the libraries contain pure endo-siRNA populations.
We attempted to detect siRNAs from the Drosophila rDNA locus using these data. However, even with AGO1 immunopurification from r2d2 and ago2 mutants, we failed to detect the siRNA signature in the sense strand of rRNA coding regions (Fig. 1A ,B,D, upper panels; Supplemental Fig. S1 ). The size distribution of small RNAs matching to the sense rRNA sequence did not show a specific peak at any length, suggesting that the majority of these reads may represent degradation products from mature rRNAs. However, it was possible that siRNA reads might be hidden by the abundant background reads.
To avoid the abundant mature rRNA-derived reads, we decided to analyze the ITS regions and the antisense strand of the coding/noncoding regions. In all these regions, we were able to detect clear siRNA signals ( Fig. 1; Supplemental Fig.  S1 ). In the AGO1 complex from r2d2 or ago2 mutant, small RNAs mapping to the antisense strand were observed throughout the rDNA region. These antisense mapping reads were at a very low level in the AGO1 complex from wild-type or dcr-2 mutant. Furthermore, AGO1-IP reads mapping to the antisense rDNA strand showed a sharp peak at 21 nt (Fig. 1D, lower panels) . We also observed the siRNA signature on both strands of the ITS regions ( Fig. 1C,E ; Supplemental Fig. S1A,B) . The densities of siRNAs from the sense and antisense strands were similar in the ITS regions, A conserved miRNA from fly rDNA www.rnajournal.org 377
suggesting that rDNA siRNAs derive from dsRNA produced from bidirectional transcription of the pre-rRNA sequence. Our results indicated that siRNAs are produced from rDNA in Drosophila. It has to be seen if rDNA-derived siRNAs play roles in the nucleolar phenotypes observed in dcr-2 or ago2 mutant (Peng and Karpen 2007) . In Neurospora and rice, rDNA-derived small RNAs are involved in DNA damage response (Lee et al. 2009; Chen et al. 2013) . Furthermore, a new role for Dicer in suppression of rDNA antisense transcription and copy number maintenance of rDNA repeats was recently uncovered in fission yeast (Castel et al. 2014) . It would be interesting to test whether Drosophila rDNA-derived siRNAs have analogous functions.
rDNA ITS1 encodes a conserved miRNA
In the course of these analyses, we noticed a large number of small RNA reads mapped to a small region on the sense strand of the ITS1 region (Fig. 1C , red arrow). There are two major clusters of ∼22 nt reads with precisely defined 5 ′ ends ( Fig. 2A) , which paired to each other with short 3 ′ overhangs within an apparent ∼60-nt hairpin precursor structure (Fig. 2B ). These reads were present at comparably high levels in total RNA and AGO1-IP libraries in wild-type ( Fig. 2A) , and we found no evidence for resorting in ago2 or r2d2 mutant background (Supplemental Table S2 ), indicating their normal preferential sorting to AGO1. Altogether, these observations indicated that the ITS1 hairpin encodes a novel miRNA. Notably, reads mapping to this hairpin in the total RNA libraries are substantially abundant (ranging from 3397.5 RPM in the dcr-2 mutant library to 7249.6 RPM in the wild-type library) and the ITS1 hairpin could be ranked as the 22nd-31st most abundant miRNA among the 238 miRNA genes in these libraries (Supplemental Table S3 ). Since these features satisfy the criteria for miRNA gene annotation (precise 5 ′ ends from the duplex structure with short 3 ′ overhangs) (Kozomara and Griffiths-Jones 2014) , the hairpin was named mir-10404/mir-ITS1. Table S1 . For normalized read counts in ovary AGO1-IP and total RNA libraries, we used the number of reads mapping to annotated miRNA hairpins as a normalizer. The asterisk ( * ) indicates that the BLAT hit numbers shown on the table are the numbers of genomic positions the sequence can be perfectly mapped in the D. melanogaster reference genome. Note that the actual copy number of rDNA is not reflected in the genome assembly. Each of the two rDNA arrays in Drosophila melanogaster is estimated to contain hundreds of rDNA units (Long and Dawid 1980) . (B) RNA folding of mir-10404/mir-ITS1 hairpin. The RNA sequence producing reads shown in A was folded by Mfold (Zuker 2003) . The most abundant mature (5p) and star (3p) sequences were highlighted by green and yellow, respectively. The numbers beside the hairpin structure indicate relative nucleotide positions counting from the 5 ′ end of the major 5p species. The pre-mir-10404/mir-ITS1 hairpin sequence was defined as the sequence from the 5 ′ end of 5p to the 3 ′ end of 3p. Note that the flanking sequences do not form a stem structure, suggesting a lack of the lower stem structure that is essential for processing by the Microprocessor complex. (C) Sequence alignment of fly mir-10404/mir-ITS1 hairpin. The hairpin sequence is conserved in distant fly species whereas the surrounding sequences are highly diverged. The loop region (purple) shows faster evolution compared with the mature and star regions, exhibiting a typical "saddle-shape" conservation pattern. Note that the nucleotide substitutions occurring in the stem region are outside of the seed sequence.
The rDNA ITSs have generally been considered as nonfunctional sequences that are under a low selective pressure, although their potential roles in rRNA processing have been proposed in yeast (Musters et al. 1990 ). However, within the 12 sequenced Drosophila genomes, the duplex sequence was perfectly conserved, whereas the flanking sequences were highly diverged (Supplemental Fig. S2 ). In fact, the hairpin encoding mir-10404/mir-ITS1 was identified in the 1990s as an unusually highly conserved hairpin (Schlotterer et al. 1994) . We reanalyzed conservation of the region corresponding to the mir-10404/mir-ITS1 hairpin across a broad set of Dipteran species (Fig. 2C) . As previously reported, clearly orthologous hairpins were identified in distant fly species including Musca, which is estimated to have diverged from the Drosophilid ancestor ∼100 million years ago (Beverley and Wilson 1984; Schlotterer et al. 1994) . The hairpin appears to have arisen within Schizophoran radiation from other Dipteran species, because a clear counterpart of this hairpin could not be found in the orthologous ITS1 region of Nematoceran species (Anopheles or Culex).
In conserved miRNAs, the stem region generally shows a lower rate of divergence compared with the loop region, likely due to the selective pressure maintaining the targetmiRNA complementarity and the hairpin structure (Lai et al. 2003; Berezikov et al. 2005) . Close examination of divergence patterns in the ITS1 miRNA hairpin revealed that substitutions occurred primarily in the loop region (8 and 2 variable nucleotides in the loop and stem regions, respectively). The two nucleotide substitutions found in the stem regions were located outside of the seed sequence regions (Fig. 2C) . Furthermore, these substitutions were predicted to preserve the pairing state of the hairpin structure (Supplemental Fig. S3 ). Therefore, these substitutions are not predicted to have major effects on processing and functions of this miRNA. These features strongly argue that the mir-10404/mir-ITS1 hairpin is under selective pressure to maintain function as a miRNA.
Endogenous expression and Argonaute loading of ITS1-miRNA
We sought to directly detect mature miR-10404/miR-ITS1 by Northern blotting. To distinguish AGO1-loaded species from other RNAs, we performed AGO1-IP from S2-R+ and Kc167 cell lysates. We observed many bands in the input lanes from both of the cell lines (Fig. 3A, left panels) . In Kc167 cells, only a few bands including the 22 nt species (Fig. 3A, arrow) were strongly enriched after AGO1-immunopurification (Fig. 3A , left panels). In S2-R+ cells, the ∼40-60 nt species could be easily detected in the AGO1-complex, but only faint signals were observed in the ∼22 nt region (Fig. 3A, left panels) . The ∼60 nt species that was enriched in the AGO1-complex (Fig. 3A, asterisk) may represent the hairpin precursor species loaded to AGO1 before dicing, although we usually AGO1-complexes were purified from S2-R+ (left panels) or Kc167 cells (right panels). RNA extracted from ∼1% lysate was used for input analysis. The mature species (∼22 nt, arrow) and the presumable precursor hairpin (60 nt, asterisk) were enriched in the AGO1 complex. (B) Sorting of miR-10404/miR-ITS1-5p to AGO1 in Kc167 cells. FLAG-AGO2 and AGO1 complexes were sequentially purified from Kc167 cells stably expressing FLAG-tagged AGO2 protein. miR-10404/miR-ITS1-5p is enriched in AGO1. Successful IP was verified by probing the same membrane for Bantam miRNA and hp-CG4068B siRNA, which are enriched in the AGO1 and FLAG-AGO2 complexes, respectively. The arrow and the asterisk indicate the mature and hairpin species. (C) Processing of mir-10404/mir-ITS1. RNA samples were prepared from Kc167 cells soaked with indicated dsRNAs. miR-10404/miR-ITS1 production was reduced when Dcr-1 or Loqs was depleted. On the other hand, Drosha knockdown did not reduce expression of miR-10404/ miR-ITS1. A canonical miRNA miR-8 is slightly (∼50%) reduced in Drosha knockdown cells. Four micrograms of small RNA-enriched RNA was loaded in each lane. Quantified signal intensities are shown in Supplemental Figure S5A . (D) Production of miR-10404/miR-ITS1 in pasha mutant. RNA was extracted from heterozygous or homozygous pasha mutant third instar larvae. miR-10404/miR-ITS1 expression did not change in pasha mutant. A canonical miRNA (miR-9a), but not a mirtron (miR-1010), was reduced in pasha mutant. 2S rRNA panels are shown as loading control for the miR-10404/miR-ITS1 and miR-1010 panels (middle 2S panel) or for the miR-9a panel (bottom 2S panel). For the three panels from the top (miR-10404/miR-ITS1-5p, miR-1010, and 2S rRNA), 4 µg small RNA-enriched RNA was loaded. For other panels, 20 µg total RNA was loaded in each lane. Signal quantification results are shown in Supplemental Figure S5B. observe depletion of pre-miRNA species from Argonaute IP samples with fly materials (Okamura et al. 2013) .
Next, we were interested to analyze the expression pattern of mir-10404/mir-ITS1. mir-10404/mir-ITS1 reads were found in all of the ∼90 published small RNA libraries analyzed in this study, which included four body parts/organs, eight developmental time points and 14 cell lines (Supplemental Table S2 ). While broadly expressed, miR-10404/ miR-ITS1 exhibited variable levels in different tissues. For example, the read counts from this ITS1 hairpin were 1569.8 and 180.8 RPM in the Kc167 and S2-R+ libraries, respectively (Supplemental Table S3 ). Beyond D. melanogaster, the evolutionary conservation of the hairpin sequence suggested that mature miR-10404/miR-ITS1 species is produced in other Dipterans ( Fig. 2C; Supplemental Fig. S2A ). Indeed, a discrete ∼22 nt species was readily detectable by Northern blotting in all five other Drosophilid species tested (Supplemental Fig. S2B ). These results further support the conclusion that this conserved hairpin encodes an evolutionarily conserved miRNA gene.
In Drosophila, miRNAs and siRNAs are preferentially sorted to AGO1 and AGO2, respectively (Czech and Hannon 2011) . To understand Argonaute sorting of miR-10404/ miR-ITS1, we reanalyzed published AGO1-and AGO2-IP libraries prepared from S2-R+ cells (Okamura et al. 2013) . The sorting ratio (AGO1 raw read count/AGO2 raw read count) of these miR-10404/miR-ITS1 reads was similar to those of known miRNAs and much higher than those of endo-siRNAs (Supplemental Table S3 ; Fig. S4A ). This suggested that miR-10404/miR-ITS1 is preferentially loaded in AGO1. We verified preferential AGO1-sorting of miR-10404/miR-ITS1 by Northern blotting (Fig. 3B) . AGO1-and AGO2-complexes were immunopurified from Kc167 cells stably expressing FLAG-tagged AGO2 (Czech et al. 2008) . The ∼22-nt miR-10404/miR-ITS1-5p species was not detectable in the AGO2 complex (Fig. 3B) . The major species in the AGO2 complex migrated at ∼55-60 nt. These bands were distinct from major bands detected in the AGO1-IP lane, suggesting that AGO1 and AGO2 preferentially bind distinct species derived from the mir-10404/mir-ITS1 hairpin.
In summary, we were able to verify preferential AGO1-loading of the mature miR-10404/miR-ITS1-5p species and found that miR-10404/miR-ITS1 is expressed throughout fly development in a broad range of tissues.
Biogenesis of ITS1-miRNA
Most miRNAs are processed by a stepwise processing mechanism catalyzed by two RNase III complexes, the Drosha/ Pasha and Dcr-1/loqs complexes (Kim et al. 2009 ). The Drosha/Pasha complex recognizes hairpins of ∼3 helical turns (∼33 nt), and releases miRNA precursor hairpins from primary transcripts, which is then cleaved by the Dcr-1/loqs complex to produce ∼22 nt small RNA duplexes. The mir-10404/mir-ITS1 hairpin structure containing a relatively short (∼25 nt) stem region (Fig. 2B) suggested that the mir-10404/mir-ITS1 hairpin precursor may not be a product of the Drosha/Pasha complex (Han et al. 2006) . On the other hand, our reanalysis of published small RNA libraries from Dcr-1 knockdown S2 cells (Zhou et al. 2009; Yang et al. 2014) suggested that the maturation of miR-10404/miR-ITS1 is mediated by Dcr-1 (Supplemental Fig. S4B ). Based on these observations, we hypothesized that mir-10404/mir-ITS1 is a Drosha-independent, Dcr-1-dependent miRNA.
We assessed its biogenesis dependencies by using RNAi to knockdown small RNA processing factors in Kc167 cells (Fig.  3C) . Mature miR-10404/miR-ITS1-5p was reduced in cells depleted of Dcr-1 or loqs, suggesting that the ITS1 hairpin is cleaved by the Dcr-1/loqs complex similar to canonical miRNAs. In contrast, depletion of Drosha or Pasha did not reduce the ∼22-nt miR-10404/miR-ITS1-5p species although expression of a canonical miRNA miR-8 was reduced by ∼70% following knockdown of Drosha in Kc167 cells ( Fig.  3C; Supplemental Fig. S5A ). To further verify Drosha/Pashaindependent processing in a more stringent assay, we used a genetic knockout of the pasha gene ). In homozygous pasha mutant third instar larvae, miR-9a expression was significantly reduced (∼50%), whereas expression of a Drosha/Pasha-independent miRNA (mirtron miR-1010) was unchanged ( Fig. 3D; Supplemental Fig. S5B ). The accumulation of mature miR-10404/miR-ITS1-5p was unaffected in pasha mutant larvae ( Fig. 3D; Supplemental Fig.  S5B ), providing clear support for its status as a Microprocessor-independent miRNA.
These results indicated that ITS1 miRNA was processed by a noncanonical miRNA processing pathway that bypasses cleavage by the Drosha/Pasha complex but requires the Dcr-1/loqs complex for its maturation.
Trans regulatory activity of ITS1-miRNA
To test whether endogenous small RNAs from the ITS1 miRNA hairpin have detectable activity as trans-regulatory species, we constructed a Renilla luciferase sensor bearing target sequences perfectly complementary to miR-10404/ miR-ITS1-5p. This reporter plasmid was cotransfected with a specific antisense oligonucleotide inhibitor against miR-10404/miR-ITS1-5p or unrelated inhibitors. In Kc167 cells, we observed approximately threefold derepression of miR-10404/miR-ITS1-5p reporter expression when the plasmid was cotransfected with the miR-10404/miR-ITS1-5p inhibitor (Fig. 4) . We also observed weaker, but clear derepression in S2-R+ cells, consistent with the lower expression level of miR-10404/miR-ITS1-5p in this cell line ( Fig. 4 ; Supplemental Table S3 ).
These results indicated that endogenous miR-10404/miR-ITS1-5p is an active repressor against their targets. Altogether, we identified a conserved, noncanonical miRNA with demonstrable regulatory activity that is encoded in the repetitive rDNA.
DISCUSSION
Two classes of small RNAs from rDNA
Using AGO1-IP libraries from wild-type and RNAi defective mutant ovaries, we demonstrated that the Drosophila rDNA is a source of two distinct classes of Argonaute-dependent small RNAs. The first class comprises endo-siRNAs produced from pre-rRNAs and its antisense transcripts (Fig. 1) . rDNA siRNAs show the typical siRNA signature (AGO1-IP reads from r2d2 or ago2 mutant ≫wild type > dcr-2 mutant), and provide compelling evidence that the ∼21 nt reads represent genuine siRNA species (Fig. 1) . Notably, this approach can be applied to small RNA reads from any locus to test whether the locus produces endo-siRNAs. Even in D. melanogaster, comprehensive annotation of siRNA loci using large sequencing data sets has only been performed using cultured cell lines (Wen et al. 2014) , therefore, additional AGO1-IP small RNA libraries from other tissues using the same set of genotypes would facilitate accurate siRNA gene annotation.
The second class is an evolutionarily conserved miRNA ( Fig. 2; Supplemental Fig. S2 ). Endogenous activity of miR-10404/miR-ITS1 was readily detectable by luciferase sensor assays (Fig. 4) . Given the important roles of ribosome biogenesis in cell growth and homeostasis, it is conceivable that small RNAs found in the present study are relevant to these processes. Future studies should be aimed to further elucidate biological roles of these small RNAs from rDNA in regulation of ribosome biogenesis and cell growth.
rRNA-derived miRNAs in other organisms
Is pre-rRNA-derived miRNA unique to flies? In mammals, there are miRNA genes located in rDNAs, including human (hsa-mir-663) and mouse (mmu-mir-696, mir-712, mir-714 and mir-715) genes (Kozomara and Griffiths-Jones 2014) . mmu-mir-712 was recently reported to play roles in endothelial inflammation and atherosclerosis (Son et al. 2013) ; however, clear evidence for production of specific species or Argonaute loading has been lacking. We analyzed a number of published mammalian Argonaute IP libraries (Valen et al. 2011; Dueck et al. 2012; Li et al. 2013; Maillard et al. 2013; Polikepahad and Corry 2013) , and these data failed to provide evidence for the production of mature miRNAs from these loci (Supplemental Table S4 ). Recently, a few mouse miRNA genes located in rDNAs (mmu-mir-2182, mir-5102, mir-5105, mir-5109, and mir-5115) were removed from miRBase due to the lack of evidence for specific processing (Castellano and Stebbing 2013) . We further identified additional miRBase dead entries that have similarities to the coding (mmu-mir-2134, mmu-mir-2143, hsa-mir-1826, and hsamir-6087) and 5 ′ ETS (hsa-mir-3687) sequences of the mouse or human rDNA. Again, we were not able to verify specific processing of these hairpins by small RNA library analysis (Supplemental Table S4 ). Therefore, the previously annotated mammalian rDNA miRNAs may be erroneous annotations. This highlights that care must be taken when annotating miRNAs, especially ones that potentially derive from abundant noncoding RNAs.
Nevertheless, as our study provides a clear precedent for pre-rRNA-derived miRNAs, the possibility remains in other organisms. Previous molecular phylogenetics studies using ITS sequences have noted interesting conservation patterns in rDNA ITS regions in particular taxa (Borsuk et al. 1994; Armbruster et al. 2000) . The conserved ITS sequences were generally speculated to play roles in rRNA processing in the previous studies, but the importance of the conserved ITS sequences in rRNA processing has not been biochemically tested. Our demonstration that rRNA ITS sequences can acquire gene regulatory roles raises an intriguing possibility that conserved ITS regions may have trans-regulatory activity. It will be interesting to see in future studies whether any of conserved ITS regions produces stable RNA species that regulate gene expression in trans.
Implications for miRNA gene annotation
Our findings provide a notable precedent of a highly conserved, abundant miRNA derived from repetitive DNA. It is standard practice to filter such loci when attempting to annotate miRNAs, especially as the provenance of reads ′ -O-methylated RNA oligonucleotide inhibitor against mature miR-288, miR-10404/miR-ITS1-5p, or hp-CG4068B. The sensors were derepressed only when the cognate inhibitor was cotransfected. Note that stronger derepression was observed in Kc167 cells consistent with the expression levels of miR-10404/ miR-ITS1 in these cell lines. The columns and error bars depict means and standard deviations, respectively (N = 4). Asterisks indicate statistically significant differences compared with the values with the control miR-288 antisense oligonucleotide (P < 0.05, t-test).
derived from repetitive loci can be difficult to ascertain. In addition, multicopy sequences including rRNA, tRNA, and other noncoding RNA genes are often highly expressed, and their degradation products complicate data analysis. In the case of insects, the presence of abundant endogenous siRNAs from transposons makes interpretation of reads from repetitive sequences even more difficult .
Moreover, repetitive regions are systematically underassembled even in relatively "complete" genomes. For example, the assembled D. melanogaster genome has only a fraction (∼14) of the hundreds of rDNA copies it carries on both the X and Y chromosomes, and at the extreme, there is only a single copy of the rDNA cluster present in the C. elegans genome assembly. One wonders whether other bona fide miRNAs may yet exist in repetitive or even unassembled portions of genomes.
MATERIALS AND METHODS
Sequencing of small RNA libraries and sequencing data analysis
Construction of ovary AGO1-associated small RNA libraries was described in our previous study (Okamura et al. 2011) . We resequenced the AGO1-IP libraries on Illumina GAII and sequencing data from two sequencing runs were combined. Small RNA data sets were downloaded from DNA Data Bank of Japan (DDBJ) (listed in Supplemental Table S1 ). Processing was carried out with Fastxtoolkit v0.0.13.2 (http://hannonlab.cshl.edu/fastx_toolkit), BEDOPS v2.20 (Neph et al. 2012), Bedtools v2.19.0 (Quinlan and Hall 2010) , UCSC Kent Source Utilities (Karolchik et al. 2014) , and custom shell scripts. Reads with length 18-30 nt were mapped to reference sequences with bowtie v1.0.0 (Langmead et al. 2009 ) and no mismatches allowed. RepeatMasker was used to identify TE siRNAs (Jurka et al. 2005) . Hairpin RNA sequences were defined in previous studies (Czech et al. 2008; Kawamura et al. 2008; . Reference sequences used in this study are listed in Supplemental Table S1, Sheet 7. Raw read counts were first adjusted by the number of mapped alignment hits for a read sequence within the bowtie index. These were then normalized to per million mapped miRNA stem-loop reads (RPM). Values in the read length distribution plots were further normalized to RPM per kilobase region mapped in order to compare the different region sizes on the rDNA sequence.
Ribosomal DNA sequences (dme, M21017.1; mmu, BK000964; hsa, NR046235) were downloaded from NCBI while genomic sequences were obtained from UCSC Genome Browser (dm3, mm10, hg19) (Benson et al. 2014; Karolchik et al. 2014) . miRNA stem-loop sequences were downloaded from miRBase (Release 20) (Kozomara and Griffiths-Jones 2014) . For dme, the sequence of dme-mir-10404/mir-ITS1 was added to the bowtie index. In order to find previously annotated miRNA hairpins that matched to rDNA, stem-loop sequences from miRBase Release 14-20 were mapped with bowtie for up to three mismatches to the rDNA sequence. mmu-mir-2182, mir-5102, mir-5105, mir-5109, and mir-5115 were not analyzed because similar analysis was done for these miRNAs in a previous study (Castellano and Stebbing 2013) . ITS1 sequences from the 12 Drosophila species were collected from the trace archives at GenBank, with the exception of D. pseudoobscura ITS1 sequence, which was obtained from GenBank: HQ631785. Clones containing rDNA sequences were identified by searching for the Drosophila melanogaster 5.8S rRNA sequence. The consensus ITS1 hairpin sequence obtained with >40 clones was used as the representative sequence of each fly species.
ITS1 homologs from other fly species were identified using BLAST search of the M. domestica rRNA sequence (GenBank Accession: Z28417.1) against the NCBI nucleotide sequence repository. Phylogenetic relationships between fly species were determined using the NCBI Taxonomy Browser. Sequence alignment of mir-10404/mir-ITS1 was performed using the Fast Statistical Aligner (Bradley et al. 2009 ), and visualized using Jalview (Waterhouse et al. 2009 ).
Argonaute-IP and Northern blotting
Kc167 cells were stably transfected with a plasmid containing FLAG-HA tagged AGO2 genomic fragment (Czech et al. 2008) . Immunoprecipitation was carried out using anti-FLAG (Wako) or anti-AGO1 (AbCam) antibody in RIPA buffer as described previously (Okamura et al. 2013) . For detection of miR-10404/miR-ITS1-5p, a DNA probe (Fig. 3A) or an LNA probe (Fig. 3B ,C,D) was used. Small RNA enrichment was performed for the top two panels of Figure 3C and the top three panel of Figure 3D using mirVana miRNA isolation kit (Ambion). Oligo probe sequences are listed in Supplemental Table S5 . Northern blotting and preparation of pasha mutant samples were described previously Martin et al. 2009 ).
Luciferase assay
Sensor construction, transfection and luciferase assays were carried out as described previously with modifications . For S2-R+ cells, 150 ng sensor plasmid and 50 pmol antisense 2 ′ -O-me oligonucleotides were transfected in the 24-well format using Effectene (Qiagen). For Kc167 cells, we transfected 600 ng plasmid and 200 pmol in the 6-well format. Sequences of antisense oligonucleotides and oligos used to generate sensors are listed in Supplemental Table S5 . Three days after transfection, cells were harvested and lysed in 70 µL Passive lysis buffer (Promega), and the lysate was used for luciferase assays.
RNAi in Kc167 cells
Of note, 2 × 10 6 Kc167 cells were soaked with 15 µg dsRNA in 1 ml serum free medium for 0.5-1 h. After soaking, 1 mL Schneider's medium containing 20% serum was added and cells were incubated at 25°C. Four days later, dsRNA soaking was repeated to ensure efficient knockdown. RNA samples were prepared 4 d after the second soaking.
DATA DEPOSITION
The small RNA library sequencing data generated in this study are available at NCBI SRA under SRP050320.
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